Abstract -The objective of this work was to investigate the effect of heat treatment of sweet creams on the physicochemical properties of sweet industrial buttermilks. Creams with three different heat treatments: low, medium and high, were churned and the corresponding buttermilks were characterised. Furthermore, buttermilks were renneted and centrifuged to obtain insoluble pellets and supernatants. The physicochemical properties such as the particle size measured by laser light scattering and composition of creams, buttermilks, pellets and supernatants were determined and compared. Buttermilk had a composition close to that of skim milk but it contained more phospholipids (PL): 958 (± 137) mg·kg −1 , compared with 120 mg·kg −1 in milk. The heat treatment induced a significant decrease in soluble protein contents in creams, buttermilks and soluble fractions as well as an increase in the buttermilk PL/fat ratio, and an increase in supernatant protein and total solids. Buttermilk and supernatant particle sizes ranged from 0.03 to 200 μm, with a maximum at 130 nm, which may correspond to small milk fat globules, phospholipid vesicles or protein aggregates. Fat and PL in buttermilks were recovered in supernatants. The use of buttermilk enzymatic coagulation combined with centrifugation may constitute a means to fractionate milk PL.
INTRODUCTION
Buttermilk is the aqueous phase released during cream churning while butter manufacturing. It has a composition close to that of skimmed milk but it also contains specific and interesting components: buttermilk is rich in phospholipids (PL) and proteins from the milk fat globule membrane (MFGM) [33] .
In France, the production of 328 850 tons of butter in 2006 generated 30 300 tons of buttermilk powder intended mainly for animal feeding [4] . In spite of its economic interest, the composition, as well as the physicochemical and functional properties of buttermilk remain poorly known. Moreover, its current outlets are limited and weakly developed, but they could be improved with a better knowledge of both the composition and the properties of buttermilk and a control of the process (mechanical and heat treatments).
During cream churning, the MFGM is broken and its material is mainly found in buttermilk. The MFGM has a composition and a structure in tri-layers which results from the mechanisms of secretion of the MFG [8] . It is mainly made up of polar lipids which are closely associated with various specific proteins among which xanthine oxydase/dehydrogenase, butyrophilin and adipophilin are the most abundant [27] . From 5 to 7 times as many PL in buttermilk as in full-cream milk have been reported [5, 9] . PL of dairy origin are natural emulsifiers with functional properties [42] that can be used in the food, cosmetic and pharmaceutical industries. Moreover, PL have positive effects on human health [43] , in particular by reducing the risk of colon cancer [23, 39, 40] and intestinal infection [38, 44] . In the milk industry, buttermilk is used in the formulation of dairy ice cream [35] , yoghourt [47] or recombined milk [41] . Addition of buttermilk increases cheese yields by improving water retention in the manufacture of low-fat Cheddar [48] and Mozzarella [34] . The composition and properties of buttermilk render this by-product a potentially very interesting dairy functional ingredient from an economic point of view.
In most of the studies found in the literature, the characteristics of buttermilk are not clearly defined. It is used in the form of commercial powder or liquid from dairy companies, without any further precision. Further, when fresh liquid buttermilk is studied, the cream has often been churned slowly (∼20-30 rpm) for 40-60 min in a traditional rotary butter churn. However, approximately 90% of French commercial butter is made by highspeed continuous churning or the NIZO process [22] . Phase inversion takes place very rapidly in the churning cylinder where high-speed beaters (1000-2500 rpm) disrupt the MFGM. Most of the buttermilk drains away from the butter granules instantly, which is not the case with slow batch churning [20] . The impact of this processing method may suggest different buttermilk compositions from the literature. Only little work exists on the composition of industrial buttermilk, specifying the effect of its origin (geographical origin, season, heat treatment of the cream, butter technology, etc.) and its technological abilities (study of rennet or acid coagulation). The effect of technological treatments such as heat treatment applied to the cream and the consequences on the buttermilk properties are not known and thus remain to be elucidated. The MFGM particle sizes are analysed from buttermilk powder reconstituted in oil-water emulsion. Some studies focused on the PL content of buttermilk, others on proteins and very few on both. The majority of technological work tackles the subject of buttermilk used in the form of complements in milk enrichment uses prior to cheese-making [31] . There exists no information on the state of coagulum of a cheese-making matrix manufactured with 100% buttermilk.
The objective of this study was to relate the intensity of the thermal treatment applied to the creams to the chemical composition of the industrial sweet buttermilks. Moreover, we focused on the fat globule size in the creams and on the particle size distribution in buttermilk. The partition of lipids and proteins after renneting of buttermilks was evaluated as a function of heat treatment of the creams.
MATERIALS AND METHODS

Samples
Creams characterised by different levels of heat treatments and the corresponding buttermilks were provided by the UCLAB dairy company (Landerneau, France). They were prepared as follows:
-On day 0, raw whole milk was pasteurised at 72
• C for 15 s and skimmed at 50
• C in order to concentrate the milk fat globules in creams at 413 (± 34) g·kg −1 fat. Then, three different heat treatments were applied to the creams: (i) low heat treatment: 88
• C for 80 s; (ii) medium heat treatment: 94
• C for 80 s; and (iii) high heat treatment: 70
• C for 2 h then 88
• C for 30 s and finally, 94
• C for 80 s, in three successive steps. Each heat treatment was applied in triplicate. Each day, the three heat treatments were applied to three different creams.
-On day 1, after a physical maturation (∼12-13h at 10-12
• C) leading to the partial crystallisation of milk fat globules, the sweet creams were churned in a continuous butter-making machine (Contimab, Simon, Cherbourg, France). Each churning operation lasted about 30 min at a cream flow rate of 10 000-12 000 L per h. During the phase inversion, butter grains were separated and washed in the draining section with chilled buttermilk, without the addition of water. Butter was not characterised during this study. Buttermilk was collected in the factory after cream churning. Three creams (C-Low, C-Medium and C-High) and the three respective sweet buttermilks (B-Low, B-Medium and B-High) were dispatched each time in isothermal parcels (∼ 10
• C) and received at the Laboratory (INRA-STLO, Rennes, France) within 24 h. This operation was done three times. At reception, 0.2 g·kg −1 sodium azide was added to the creams and buttermilks, to prevent bacterial growth.
-On day 2, one kg of buttermilk was weighed in a flask and heated at 40
• C in a water bath. After 1 h, rennet (Maxiren 180, DSM Food Specialties, Lille, France) was added at 0.012 mL·kg −1 . After 1 h, buttermilk centrifugation was carried out at 20
• C for 20 min at 7000× g (Jouan KR 4i centrifuge, Fisher Bioblock Scientific, Ilkirch, France). The insoluble pellet and soluble supernatant were separated, weighed and fraction yields were calculated. The protein recovery coefficient in the insoluble fraction was calculated as follows: 
Particle size distribution measurements
The particle size distribution was measured by laser light scattering (Mastersizer 2000, Malvern Instruments, Malvern, UK) with two laser sources, as previously described in detail [24, 29] . The refractive indexes used were 1.458 and 1.460 for milk fat at 633 and 466 nm, respectively, and 1.33 for water. The samples (about 0.2 mL) of cream, buttermilk and supernatant fraction were diluted in 100 mL of MilliQ water directly in the measurement cell of the apparatus in order to reach 10% obscuration. The casein micelles were dissociated by adding 1 mL of 35 mmol·L EDTA/NaOH, pH 7 buffer to the samples, in the apparatus. For the creams, 1 mL of sodium dodecyl sulphate (SDS, 1% p/v), an anion detergent, was added in order to dissociate the aggregates of fat globules.
The particle size distribution parameters were calculated by the Mastersizer software: modal diameter (D mod ; diameter at the peak maximum of the main population), volume-weighted average diameter,
(where n i is the number of particles of diameter d i ) and the diameter below which 50% (D v0.5 ) and 90% (D v0.9 ) of the particle volume lie.
Physicochemical analyses
All physicochemical analyses were carried out at least twice on fresh products: creams, buttermilks, and soluble and insoluble fractions.
Total solids (TS) were determined after desiccation for 7 h at 102-105
• C [11] . Total nitrogen (TN) was determined by the Kjeldahl method [12] . Soluble nitrogen at pH 4.6 (NCN, non-casein nitrogen) and 12% (v/v) TCA-soluble nitrogen (NPN, non-protein nitrogen) were determined as described by Gripon et al. [16] . Protein was calculated as TN -NPN, soluble protein by NCN -NPN and casein by TN -NCN. Total calcium concentration in buttermilk, and soluble and insoluble fractions was determined by atomic absorption spectrometry (Varian AA 300 equipment, Les Ulis, France) according to Brulé et al. [3] . pH was measured using a 406M6 Ingold electrode (Mettler, Toledo, Viroflay, France) linked to a Hi 9025 pH-meter (Hanna, Humeau, La Chapelle-sur-Erdre, France). The acidity determination in Dornic degrees was carried out by the AFNOR NFV 04-206 method [1] .
Fat extraction and phospholipid quantification
Fat content in insoluble fractions was determined using the acid butyrometric method of Van Gulick [14] .
Total lipids were extracted from creams by means of hexane-isopropanol (3:2, v/v) according to Wolff and Fabien's [52] and Wolff and Castera-Rossignol's [51] methods. The milk fat extraction procedure was adapted with a centrifugation step. At room temperature, 2.4 mL isopropanol (Carlo Erba, Val-de-Reuil, France) were added to 3 g of cream. The mixture was vortexed. Then 3.6 mL hexane (Carlo Erba, Valde-Reuil, France) were added. The resulting mixture was vortexed again and centrifuged at 1000× g at 20
• C for 5 min (Heraus cryofuge M7000, Fisher Bioblock Scientific, Ilkirch, France). The upper organic phase was separated through aspiration. To the bottom layer, 6 mL of 3:2 (v/v) isopropanol-hexane were added, vortexed, centrifuged and the clear upper layer separated. This extraction/purification step was repeated 3 times. The 4 pooled organic fractions were solvent-evaporated under vacuum at 50
• C until constant weight. The extraction of total lipids for the determination of the total fat content and phospholipids in high-water content samples, i.e. buttermilks and soluble fractions, was performed after freeze-drying them. Freeze-dried buttermilk and soluble fraction were hydrated with 24 g of deionised water at 40
• C for 6 g of powder and vortexed. One hour after rehydration, the fat extraction protocol was the same as for cream, but with 15 mL hexane and 10 mL isopropanol.
The amount of phospholipids in the total fat extracted from creams, buttermilks and soluble supernatant fractions was determined by the method of proportioning of phosphorus (Standards IDF 33C: 1987) [10] . Briefly, the extracted fats were digested with sulphuric acid and hydrogen peroxide. The phosphorus was converted into molybdenum blue with sodium molybdate and ascorbic acid. Phosphorus was estimated colorimetrically after complex formation with molybdate. The optical density was measured at a wavelength of 820 nm. A series of standard solutions containing known quantities of KH 2 PO 4 was used to construct a curve from which the phosphorus content could be read off. The quantity of phosphorus obtained was multiplied by a conversion factor of 25 to determine the phospholipid content compared with the total lipids of the samples [46] .
Reverse-Phase High-Performance Liquid Chromatography (RP-HPLC)
Protein composition of the soluble fractions was determined by RP-HPLC as described in Jean et al. [19] . Briefly, 250 mg of freeze-dried buttermilk were reconstituted and mixed with 10 g of deionised water. pH was adjusted to 4.6 with HCl 1 mol·L −1 and then the solution was filtered on Whatman filter paper grade 42 (Fisher Bioblock Scientific, Ilkirch, France). Filtrate was diluted 1/2 in buffer A (0.106% v/v trifluoroacetic acid in MilliQ water). Calibration was performed with β-lactoglobulin (β-Lg) (Sigma-Aldrich, Saint-Quentin Fallavier, France) and α-lactalbumin (α-La), with from 6 to 25 μg injected. The column was an Apex wide-pore ODS column of 25 cm length, 0.46 cm inner diameter and 7 μm bead diameter (Jones Chromatography, Hengoed, UK). The analysis was performed at 40
• C on 50 μL of sample (loop size) with a gradient of buffer B (0.106% v/v trifluoroacetic acid in 80% v/v acetonitrile in MilliQ water) increasing from 43 to 100% (v/v) in 35.2 min. The flow rate was 1 mL·min −1 and detection was at 280 nm.
Statistical analysis
We performed a factorial design with one factor: the heat treatment, applied to three different levels: low, medium and high. For each experiment, one heat treatment referred to one different cream. Three independent thermal treatments were applied to creams, meaning that n = 3 for each level of heat treatment. The StatGraphics Plus software (Manugistics, Rockville, USA) was used to perform analysis of variance. A Fisher test was followed by a least square difference procedure by size, to test the significance of result differences. The levels of significance selected were P 0.05 (*), P 0.01 (**) and P 0.001 (***).
RESULTS AND DISCUSSION
Composition of the heat-treated creams and comparison with the corresponding buttermilks
The compositions of the creams characterised by different levels of heat treatments and the corresponding buttermilks obtained after the butter-making process are presented in Table I .
The average pH of the creams was 6.78 (± 0.01) and corresponded to that of sweet buttermilk, 6.78 (± 0.05). The acidity of the creams was 10.00
• D and the average acidity of the buttermilks was 15.13 (± 0.56)
• D. The acidity test measured the concentration of acidic compounds in sweet cream without biological ripening and sweet buttermilk. The higher acidity measured for buttermilks compared with the creams was due to casein, whey protein, phosphate, citrate and carbon dioxide in the aqueous phase. B-High acidity was significantly lower (14.67 (± 0.52)
• D) than B-Low and B-Medium. This result was correlated with a lower protein content.
The heat-treated creams of increased heat intensity had decreasing protein contents (P < 0.01). These lower protein contents could be due to differences in fat contents of creams. Indeed, the protein/non-fat ratio which corresponds to the protein content in the aqueous phase showed no significant differences as a function of the heat treatment.
The protein/non-fat ratio calculated for buttermilks showed significant (P < 0.05) differences, with a lower value for the high heat-treated buttermilk (Tab. I). The protein content of the buttermilks resembled that of skim milk (∼ 30 g·kg −1 of protein). Regarding more particularly the nature of proteins, Table I shows that the casein/protein ratio calculated for the creams and the buttermilks significantly (P < 0.001) increased with the intensity of heat treatment. Denatured whey proteins by heat treatment become insoluble at pH 4.6. Casein content increased because whey proteins are titrated with the casein fraction. Nevertheless, the total protein content in cream significantly decreased from low heat to medium heat and to high heat-treated cream (18.21, 17.46 and 16.83 g·kg −1 , respectively). So, the differences in casein contents can only be underlined with casein/protein ratios. Moreover, the soluble protein/protein ratio significantly (P < 0.001) decreased as a function of the increase in the thermal treatments. Similar results were found for buttermilks (Tab. I). The decrease in soluble protein contents with the heattreatment intensity corresponded to about 50% from low to high heat treatments in the creams, whereas it represented about 44% in buttermilks. Thermal denaturation of whey proteins in cream increased with the heat treatment (Fig. 1) . Heat treatment induced changes in the nature of protein composition (whey proteins) [6] .
In skimmed buttermilk prepared from raw cream, O'Connell and Fox [33] quantified 25 (± 3.2)% expressed in weight of soluble protein/protein. Consequently, in our study, a low heat treatment (72
• C for 30 s) on milk, followed by a low heat treatment (88
• C for 30 s) on cream, induced a 55% soluble protein denaturation. Table I shows that the contents of the major whey proteins, i.e. β-Lg and α-La, in the buttermilks decreased as a function of the increase in heat treatment intensity. When β-Lg and α-La are denatured in whole milk, it goes through four possible processes: (i) it denatures and becomes unsoluble; (ii) it can react with another denatured serum protein; (iii) it can react with micellar κ-casein; and (iv) it can adsorb on, or bind to protein on the MFGM. Dalgleish and Banks [7] found that the last of the four possibilities is favoured. They concluded that MFGM proteins react rapidly with serum proteins, or the latter adsorb rapidly onto the fat surface. Ye et al. [53] indicated that β-Lg and α-La contents in whole milk could be associated with the MFGM via sulphydryl-disulphide interchanges with the MFGM proteins. The amounts of β-Lg and α-La that were associated increased with the temperature up to 80
• C for 10 min. This increase reaches a plateau level of approximately 1.0 mg·g −1 fat for β-Lg (∼1% of the total β-Lg in milk) and 0.2 mg·g −1 fat for α-La.
The concentration of calcium in buttermilks was significantly (P < 0.01) different between the samples (Tab. I), but was in the range of the calcium concentration in cow's milk (1.04-1.28 g·kg −1 ) [15] . It is known that about two-thirds of the calcium present in milk is bound to the casein micelles, thus the differences observed between calcium contents may be related to the casein/protein ratio. Ramachandra Rao [36] and O'Connell and Fox [33] reported that total calcium concentration in buttermilk (0.84 g·kg −1 and 0.948 g·kg −1 , respectively) is lower than in skimmed milk (1.04 g·kg −1 and 0.119 g·kg −1 , respectively). However, in these studies the authors reported that buttermilk protein contents (30 g·kg −1 and 31 g·kg −1 , respectively) were lower than in skimmed milk (34 g·kg −1 and 33 g·kg −1 , respectively). Table I shows that the concentration of fat in the creams was not significantly different whatever the heat treatment applied. The cream fat contents determined by the UCLAB dairy company (Landerneau, France) with Rose Gottlieb extraction [13] were not significantly different (data not shown). The amount of phospholipids in the creams was not significantly different as a function of heat treatment (10.27-12.44 g·kg −1 ), nor the phospholipid/fat ratio (2.64-3.07%) (Tab. I). According to different authors [26, 32] , in cow's milk, PL make up about 0.5-1% in weight of total lipids. Significant (P < 0.05) differences in the fat content were evidenced in buttermilk, with B-Medium B-High B-Low and B-Medium < B-Low (Tab. I). The amount of phospholipids in buttermilks was significantly (P < 0.001) different, Mean ± sd (n = 3). a,b,c Means in a row with different letters are significantly different at P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***). NS: Not significantly different.
with B-Medium < B-Low < B-High in their increasing order of concentration. The different orders obtained for fat and phospholipids may be explained by standard deviation of content measurements. The current contents of phospholipids in buttermilks (Tab. I) were in agreement with other authors' observations [5, 37, 45] . The phospholipid/fat ratio showed significant (P < 0.05) differences between the buttermilks, with B-Low < B-Medium < B-High (Tab. I). This result clearly shows that the heat treatment intensity applied to the creams affected the phospholipid/fat ratio, with an increase when the intensity of the heat treatment was higher. These differences in the composition of fat reported for buttermilk resulted from a different behaviour of the creams during churning, as a function of the properties of milk fat globules after the heat treatment. In comparison with the creams, the phospholipid/fat ratio in the buttermilks increased by a factor of about 7. During the mechanical treatment applied at low temperature to the partially crystallised fat globules during butter-making, the MFGM is disrupted and the phospholipids, which are polar lipids, are found in the buttermilk fraction. Indeed, other authors reported that heat treatments applied to milk can induce desorption of proteins and lipids from the MFGM [18, 53, 54] . We can put forth the assumption that heat treatments of cream may modify the MFGM properties, either desorption of phospholipids or ability for phase inversion during cream churning. A higher stability of smaller fat globules towards phase inversion induced by heat treatment may lead to an increase in the number of these small fat globules in buttermilks. Since small fat globules contain a higher phospholipid/fat content, this may explain the higher phospholipid/fat ratio measured in high heat-treated buttermilks. The mechanisms involved in the increased stability of smaller globules after heating need further investigation.
Compositions of the supernatant and pellet fractions: comparison
The average pH of the supernatant fractions was equivalent to that of the pellet fraction (Tab. II). The protein contents of the supernatant fraction were lower than those of buttermilk and increased significantly (P < 0.01) with the heat treatment intensity applied to the creams. This is obvious, because the rennet treatment insolubilises part of the proteins from buttermilk into the insoluble pellet fraction. Proteins were more or less coagulated by rennet and were recovered in the pellet fraction after centrifugation.
From a technical point of view, the average protein contents of cheese wheys vary from 6 g·kg −1 for fresh cheeses to 8-9 g·kg −1 for the cooked hard-type cheese such as Emmental [30] . This leads to a protein recovery coefficient in the curd of from 72-74% (Grana, Emmental) to more than 82% in fresh cheeses. The protein concentrations in the supernatant fraction from buttermilk obtained from high preheated cream were much higher than those usually obtained in cheese technology. Thus, protein recovery coefficients in pellets decreased with the intensity of the heat treatments from 80% to 71% and to 41% for low, medium and high heat, respectively.
We deduced from our work that the protein losses in the supernatant fraction obtained after the B-High rennet coagulation and centrifugation were too high. This was due to the fact that heat treatment applied to the creams degraded the rennet ability of buttermilks, due to the well-known association of denatured whey proteins with κ-casein that impedes the rennet coagulation.
After coagulation and centrifugation, total lipids from buttermilk were found in the supernatant fraction. The centrifuged coagulum did not contain fat (results not shown). The coagulum after centrifugation, whatever the heat treatment, did not retain lipid particles (small fat globules, PL vesicles or MFGM fragments) in the casein network. It has been reported that native MFGM do not interact with casein during rennet gel formation [49] , nor small fat globules with native MFGM [28] . On the other hand, fat globules covered with native whey proteins like β-Lg interact with the protein network and increase the viscoelactic properties of the gel [25] . Moreover, the centrifugal separation could have skimmed the rennet gel. Under the centrifugal force action, the buttermilk fat may have been dragged into the upper soluble fraction. This mechanical separation was not promoted by fat rising to the surface before coagulation because inactivated agglutinin cannot induce creaming [2] .
Determination of the particle
size distribution in the creams, the buttermilks and the supernatant fractions
The particle size distribution was characterised in the creams when they had just arrived in the laboratory (Fig. 2) . The particle size distribution in the cream with high heat treatment ranged from 0.02 μm to 200 μm, with 3 peaks centred at about 0.5 μm, 4 μm and 45 μm. The addition of SDS and EDTA highly decreased the peak at about 45 μm, meaning that it corresponded to aggregates of fat globules. This peak of fat aggregates appeared with the highest heat treatment. The dissociation of fat globule aggregates with SDS 1% allowed the measurement of the individual fat globule diameter, which ranged from 0.4 to 70 μm with an average modal diameter of 4.48 (± 0.12) μm. Figure 2 also shows that a small proportion of fat globules were even aggregated in the medium heat-treated creams. The addition of SDS did not change the size distribution of milk fat globules in the low heat-treated cream, as they were well individualised. Thus, no aggregates of fat globules were present in the creams with low heat treatment. The fat globule size distribution ranged from about 0.03 μm to 13 μm, with an average modal diameter of 4.42 (± 0.08) μm. Some larger fat globules, i.e. with diameters > 20 μm in the presence of SDS, were recorded in the creams with medium and high heat treatments (Fig. 2) . Compared with the size distribution of milk fat globules in raw milk [24] , these fat globules may result from the fusion of smaller globules to form larger ones, due to coalescence.
The aggregation of fat globules may explain the higher viscosity of the high heat-treated creams compared with low heat-treated creams, as observed in the industrial maturation tank before churning (data not shown). Studies showed that after the heat treatment of milk, whey proteins (mainly β-Lg and α-La) and caseins (mainly κ-casein) adsorb on the MFGM surface [54] . However, controversy persists about explanations concerning interaction mechanisms. Different authors think that these protein interactions between MFGM and milk proteins involve disulphide bridges [7, 21] . Houlihan et al. [17, 18] consider that the complex formed by β-Lg and κ-casein during heat treatment may displace the polypeptides from the MFGM during heating. All these authors agree that heat treatments modify the composition of MFGM and their surface properties. Figure 3 shows a schematic representation of the milk fat globule surface in raw milk or after a low heat treatment which does not involve any modification of membrane structure or composition (Fig. 3A) and after a severe heat treatment with a MFGM modified by the adsorption of aqueous phase proteins, mainly whey proteins (Fig. 3B) . These modifications of the MFGM composition, consecutive to a heat treatment, involved changes in interfacial properties which might result in the aggregation of fat globules (Fig. 2) . Figure 4A shows the size distribution of particles dispersed in the buttermilks resulting from the creams with low, medium and high heat treatments. The parameters extracted from particle size distributions are presented in Table III . After dispersion of the buttermilks in water, the major peak recorded from 0.02 to 0.4 μm and centred at 130 nm corresponds to the size distribution of the casein micelles and other particles. In skimmed buttermilk, O'Connell and Fox [33] reported a casein micelle size of 206 (± 31) nm. The dissociation of casein micelles performed by the addition of EDTA permitted the recording of the size of the other particles present in buttermilks. The peak ranging from 0.02 to 0.4 μm contained casein micelles mixed with other constituents. The smallest particles observed in the presence of EDTA, with d < 0.4 μm, may correspond to fat globules of very small sizes (heart of triglycerides + membrane), vesicles formed by MFGM fragments mainly composed of PL and/or protein aggregates formed during heat treatments (whey protein or micelle complexes of casein-whey protein) (Fig. 4B) . Recent work has characterised the structures formed through the release of lipid membrane material from fat globules by cryogenic transmission electron microscopy [50] . In buttermilk, spherical and slightly deformed vesicles are visible and could be formed from membrane components, mainly PL, after MFGM rupture during churning. The particles, whose size ranged between approximately 0.4 and 20 μm, might correspond to residual fat globules. The larger particles, with a size higher than 0.4 μm, represented a higher volume in the low heat-treated buttermilk compared with the medium and the high heat-treated buttermilk. The particles with sizes higher than 20 μm may correspond to the fusion of smaller-sized fat globules through a coalescence mechanism. A schematic view of buttermilk particle composition Table III . Size distribution parameters for buttermilks from creams characterised by different levels of heat treatments and respective soluble fractions after buttermilk rennet coagulation followed by centrifugation. The parameters were extracted from the particle size distribution recorded using laser light scattering. and structure corresponding to the peak centred on 130 nm is presented in Figure 4B . The particles present in buttermilk may correspond to casein micelles, protein aggregates, residual small-sized fat globules and PL vesicles.
Samples
The size distributions of the particles present in the buttermilk supernatant fraction are presented in Figure 5 . The profiles were similar in the presence or absence of EDTA, although high heat treatment led to an increase in protein contents in the soluble phase rich in casein fines due to a lower rennetability. The casein fines were not EDTA-sensitive. As for buttermilks, the major peak ranges from 0.02 to 0.4 μm, with a maximum at 130 nm. Larger particles, with 0.4 μm > d ≥ 20 μm were also characterised in the soluble fractions. They may correspond to residual milk fat globules.
CONCLUSION
Increasing the knowledge of the physicochemical properties of buttermilks, as a function of the thermal treatment applied to creams, will allow the improvement of their functional properties and the valorisation of their constituents. As already evidenced in milk, increasing the intensity of the heat treatment applied to cream led to whey protein insolubilisation via its denaturation in buttermilks. This increased protein denaturation decreased the buttermilk rennetability. Aggregation of high heat-treated fat globules was evidenced, which could explain variations in viscosity and stability of sweet, industrial creams before churning. The amount of phospholipid in the fat fraction of buttermilks increased with the intensity of cream heat treatment. The nature of the main particles dispersed in buttermilk, with a size of about 130 nm, has been suggested and is under study.
